The Beauvoir granite (Massif Central, France) represents an exceptional case in the European Variscan belt of a peraluminous raremetal granite crosscutting an early W stockwork. The latter was strongly overprinted by rare-metal magmatic-hydrothermal fluids derived from the Beauvoir granite, resulting in a massive topazification of the quartz-ferberite vein system. This work presents a complete study of primary fluid inclusions hosted in quartz and topaz from the Beauvoir granite and the metasomatized stockwork, in order to characterize the geochemical composition of the magmatic fluids exsolved during the crystallization of this evolved rare-metal peraluminous granite. Microthermometric and Raman spectrometry data show that the earliest fluid (L1) is of high temperature (500 to >600 ∘ C), high salinity (17-28 wt.% NaCl eq), and Li-rich ( e < −70 ∘ C) with Na/Li ratios ∼5. LA-ICPMS analyses of L1-type fluid inclusions reveal that the chemical composition of this magmatic-hydrothermal fluid is dominated by Na, K, Cs, and Rb, with significant concentrations (10 1 -10 4 ppm) in rare-metals (W, Nb, Ta, Sn, and Li). This study demonstrates that primary fluid inclusions preserved the pristine signature of the magmatic-hydrothermal fluids in the Beauvoir granite but also in the metasomatized W stockwork, despite the distance from the granitic cupola (>100 m) and interaction with external fluids.
Introduction
Rare-metal deposits are mainly associated with peraluminous to peralkaline granites, granitic pegmatites, and carbonatite complexes, which represent major resources for economically strategic metals such as Li, Be, Ta, Nb, Sn, W, and REE [1, 2] . Among these deposits, the LCT (Lithium-CaesiumTantalum) class of rare-element pegmatites (RMP) and the peraluminous high-and low-phosphorous rare-metal granites (PHP-and PLP-RMG, resp.) constitute the two major groups of rare-metal mineralization [2] [3] [4] [5] . In Europe, the Variscan belt represents an important metallogenic province for these two types of rare-metal deposits, which are located mainly in the Bohemian Massif, the Iberian Massif, Cornwall, the Armorican Massif, and the French Massif Central (FMC).
These deposits formed during Carboniferous to Permian times between 330 Ma and 280 Ma in relation to the lateVariscan orogenic evolution [6] [7] [8] [9] [10] . In France, the Beauvoir granite represents one of the best examples of a PHP-RMG with a disseminated Sn-Li-Ta-Nb-Be mineralization [5] and was intensively studied during the 1980s-1990s, with the 900 m of continuous core drilling GPF1 from the "Géologie Profonde de la France" program [11] . These studies led to a complete petrological, geochemical, geophysical, structural, and geochronological description of the Beauvoir granite and of its host-environment and to the elaboration of integrated genetic model for this type of rare-metal deposit [12, 13] .
The magmatic-hydrothermal evolution of RMG systems is relatively well constrained from a large number of works 2 Geofluids based both on natural examples (e.g., [12] [13] [14] [15] ) and experimental works (e.g., [3, [16] [17] [18] [19] ). The extreme rare-metal enrichment in these highly peraluminous granitic magmas has generally been interpreted as resulting from crystal fractionation [5] . Deciphering the geochemical composition of the magmatic fluids exsolved from RMG is thus essential to better understand the behaviour of the chemical elements during the late-stage of crystallization and their partitioning between the melt and the fluid phases at the magmatichydrothermal transition. Most of these data were obtained from silicate melt inclusion studies, which are considered to represent direct analogues of the composition of the crystallizing magma (e.g., [20] [21] [22] [23] [24] [25] [26] ). These works reported that latestage residual melts are enriched in H 2 O, fluxing elements (B, F, and P) and incompatible elements (e.g., Be, Sn, Rb, Cs, Nb, Ta, and Li) and reflect the whole-rock bulk composition of the host-granite. At the magmatic-hydrothermal transition, residual fluid yields to phase separation of a low-density vapour phase and a high-density brine [18, 19] . Analysis of the composition of coexisting melt and fluid inclusions trapped during phase separation in low phosphorus RMG showed that most of the trace elements partition into the aqueous fluid phase [21, 25] . However, few data remain available about the trace element composition of fluid inclusions in such magmatic-hydrothermal systems (e.g., [27] [28] [29] ).
The aims of this work are consequently (i) to determine the trace element composition of the magmatic fluid inclusions trapped in primary quartz and topaz crystals from the Beauvoir granite and to characterize the geochemical signature of these rare-metal-rich magmatic fluids; (ii) to study the partitioning of the minor and trace elements between the coexisting vapour and brine phases resulting from the phase separation during the boiling of the early primary magmatic fluid; (iii) to determine the chemical evolution of the magmatic fluids exsolved from the Beauvoir granite during their interaction with the enclosing micaschists with distance from the granitic cupola.
Geological Setting

Regional Geology of the North French Massif Central. The
Beauvoir granite is located in the Echassières granitic complex in the NE part of the FMC in the Limousin area (Figure 1 ), which belongs to the internal zone of the European Variscan belt and results from the continental collision between Gondwana and Laurussia during the Upper Paleozoic. The structure of the FMC has been recognized as a stack of metamorphic nappes developed diachronously from Late Silurian to Early Carboniferous, which is constituted by three major tectonic units that are from the north to the south and from top to bottom ( [30] and references therein): (i) the Upper Gneiss Unit (UGU), which is composed of migmatitic ortho-and paragneisses and contains the so-called "leptyniteamphibolite complex," formed by the bimodal association of mafic/ultramafic rocks with felsic rocks; (ii) the Lower Gneiss Unit (LGU) which consists of ortho-and paragneisses similar to those of the UGU; and (iii) the Para-Autochthonous Unit (PAU), dominated by metasedimentary units (micaschists, metagreywackes, and quartzites) that experienced low-grade metamorphism. To the south, these metamorphic units are overthrusted onto the nonmetamorphic rocks of the external zone with its fold-and-thrust belt and its foreland basin.
The Echassières granitic complex intrudes into the Sioule metamorphic series, which is delimited to the west by the Late Carboniferous Sillon Houiller sinistral wrench fault and to the east by the Oligocene Ebreuil and Limagne grabens ( Figure 1 ). The Sioule metamorphic series is located at the northern boundary of the Guéret, St-Gervais, Manzat, and Champ-Valmont granites, which represent large peraluminous cordierite-biotite intrusions emplaced during the Late Devonian to Early Carboniferous at ca. 360-350 Ma [31, 32] . To the south of the Echassières granitic complex, another type of intrusion of biotite porphyritic subalkaline granite (Pouzol-Servant) is emplaced at ca. 330-340 Ma [33] . The Sioule metamorphic series is composed by three lithostructural units, which are from top to bottom [34] : (i) an upper unit of cordierite-bearing migmatite and biotite-sillimanite gneiss, corresponding to the UGU; (ii) an intermediate unit composed by biotite-muscovite paragneiss, corresponding to the LGU; and (iii) a lower unit formed by biotite-muscovite micaschists, which is correlated with the PAU. This series experienced two major synmetamorphic events [35, 36] : (i) a HP D 0 event coeval with eclogitic-granulitic metamorphism at ca. 430-400 Ma; and (ii) a MP-MT D 2 event coeval with the top-to-the-NW shearing at ca. 365-350 Ma.
Structure and Age of the Echassières Granitic Complex.
The Echassières granitic complex includes an early W-bearing quartz-vein system, the so-called La Bosse stockwork, and at least three successive granitic units that intruded into the micaschists of the PAU [12, 13] . From oldest to youngest, these granitic units are ( Figure 2 ): (i) the La Bosse granite, which is concealed at depth and is presumed to be related to the formation of the W deposit; (ii) the Colettes granite, which is a porphyritic biotite-muscovite-cordierite granite that overprints the La Bosse stockwork; and (iii) the Beauvoir granite, which consists of a topaz-lepidolite-albite granite with disseminated Sn-Li-Ta-Nb-Be mineralization that crosscuts the Colettes granite. The GPF1 drill hole intersected the roof and bottom of the Beauvoir granite at depths of −100 m and −880 m, respectively, below the current surface [11] . This drill hole allowed the identification of a vertical internal zoning in the Beauvoir granite ( Figure 2 ) with three main granitic units emplaced successively, which are separated by magmatic layering and show a magmatic foliation underlined by lepidolite. From the lowest to the upper, these units are [12, 13] (i) B3 facies (−880 to −750 m), which contains euhedral pink-colored K-feldspars, zinnwaldites, and hosts commonly micaschists enclaves with quartz-ferberite veins; (ii) B2 facies (−750 to −450 m) consisting of a lepidolite-rich granular granite with idiomorphic quartz crystals and small amounts of K-feldspars; (iii) B1 facies (−450 to −100 m) corresponding to an albite-lepidolite-rich granite containing globular quartz crystals with typical "snowball" textures and rare anhedral perthitic K-feldspars. Generally, the abundance of accessory minerals (topaz, cassiterite, columbite-tantalite, microlite, and Li-Be phosphates) tends to increase upward from the B3 to the B1 facies, the latter being the most evolved. This [11] ). The location of the GPF1 drill hole from the "Géologie Profonde de la France" program is indicated.
evolution reflects the progressive increase in trace element contents (200-1,200 ppm Sn, 50-150 ppm Nb, 30-300 ppm Ta, 20-70 ppm W, 200-600 ppm Cs, 25-500 ppm Be, and 700-2,800 ppm Li) in whole-rock geochemistry that has been interpreted as a magmatic differentiation trend upward [12, 13] . The Echassières granitic complex, with an outcrop extension of ca. 40 km 2 , was estimated from gravimetric data to be 3 to 4 km thick, with an overall volume of ca. 65 km 3 [37] . The Beauvoir granite, outcropping over 0.10 km 2 , was estimated of a minimum volume of ca. 0.21 km 3 [13] and was emplaced as a sheet intruded into the micaschists and the Echassières granitic complex (Figure 2) . Nowadays, the upper parts of the Beauvoir and Colettes granites are strongly kaolinized and are mined in open-pit quarry for kaolin by the company Imerys Ceramics France producing ∼20 kt/yr of kaolin as well as ∼60 t/yr of mineral concentrates of cassiterite, columbite-tantalite, and microlite as by-products.
The emplacement of the Beauvoir granite has been dated at 308±2 Ma, based on 40 Ar- 39 Ar dating of lepidolite from the B1 facies [38] . However, a recent U-Pb dating of columbitetantalite from the same facies yielded an age of 317 ± 6 Ma [10] , which is slightly older than the previous age. This age Interpretative cross-section of the Beauvoir granite from the GPF1 drill hole showing the vertical magmatic internal zoning composed by the three successive facies B1, B2, and B3 (modified from [12] ). The location of the samples studied in this work is also reported. discrepancy raises therefore the question of the reliability of the lepidolite age and the eventual existence of a perturbing thermal event, which could have partially reset the 40 Ar-39 Ar isotopic system of micas. Indeed, lepidolite is partly replaced by Li-muscovite in the B1 facies, which has been interpreted as a subsolidus fluid-rock interaction resulting from the mixing of the magmatic fluid exsolved from the granite with an external fluid at high temperature during the late stages of the Beauvoir granite emplacement [12] . There is no known high-temperature event after dating the emplacement of the Beauvoir granite, which could have reopened the 40 Ar-39 Ar isotopic system of micas. A series of lower temperature hydrothermal stages are described in the B1 granite [39] , but the earliest event following the Li-muscovite alteration has been dated from the Upper Jurassic at 151 ± 4 Ma (K-Ar on illite [39] ) and was too low in temperature (T ≤ 250 ∘ C) to reset the 40 Ar-39 Ar isotopic system of micas. Therefore, the 40 Ar- 39 Ar age obtained on lepidolite seems reliable and an emplacement age of ca. 310 Ma for the Beauvoir granite is consistent within uncertainty with the two existing U-Pb and 40 Ar- 39 Ar ages.
The La Bosse W stockwork consists in a network of up to 0.6 m-thick quartz-ferberite veins, which are hosted in the micaschists of the PAU and have been dated at 334 ± 2 Ma (U-Pb on wolframite [40] ). The micaschists and the hosted W stockwork are crosscut by the Colettes and Beauvoir granites and were overprinted by the contact metamorphic aureole (Figure 3(a) ). Aplites and pegmatites derived from the Beauvoir granite also crosscut the W stockwork ( Figures  3(b) and 3(c) ). There are two sets of veins, one subparallel and one oblique to the regional foliation, resulting from hydraulic fracturing (Figure 3(d) ). Tungsten mineralization is polyphase at the vein scale, since three generations of quartz-ferberite veins have been recognized and emplaced by a crack-and-seal mechanism [41, 42] . The stockwork was strongly overprinted by the magmatic fluids issued from the Beauvoir granite, resulting in the crystallization of massive topaz ("topazite"), partial replacement of quartz in the veins, and crystallization of late Li-micas and Nb-Ta-W oxides [12] . Ferberite is weakly altered within the topazite, with the formation of dissolution microcavities associated with the sequential crystallization of Ta-rich ferberite, wolframoixiolite, and columbite-tantalite minerals [42] . The development of metasomatic topaz was also observed in the GPF1 drill hole, but only in the upper part of the stockwork located above the roof of the Beauvoir granite (<−100 m). Indeed, the quartz-ferberite veins in the micaschist enclaves found at the bottom of the drill hole (>−880 m) were devoid of any topaz [12] . Consequently, the metasomatic alteration appears as a halo located at the top of the B1 granitic cupola and structurally controlled by the preexisting quartz-ferberite stockwork, thus pointing to a quartz-undersaturated, F-and Al-rich fluid and also enriched in rare-metals (W, Nb, Ta, and Li), which was likely derived from the Beauvoir granite.
Nature of the Fluid Circulations in the Beauvoir Granite.
Previous works on fluid inclusions in the Beauvoir granite system allowed to reconstruct the P-T-t conditions of fluid circulations and to determine the nature of the different fluid generations [12, 46] . (i) Early magmatic fluids (L1) were only found in topaz from the B1 facies and correspond to high-temperature (490-590 ∘ C) brines (25-30 wt.% NaCl eq), which are rich in Li as indicated by low eutectic temperatures ( e < −65 ∘ C) and direct LIBS measurements (7,500-13,000 ppm Li [29] ). The exsolution of this fluid is estimated at ca. 600 ∘ C and 0.8 kbars.
(ii) Boiling of the L1 fluid occurred at high temperature (400-520 ∘ C) after a rapid decompression at ∼0.7 kbars ("first boiling") and yielded by phase separation to a low-to moderate-salinity vapour (V2; 3-12 wt.% NaCl eq) and a high-salinity brine (L2; 30-50 wt.% NaCl eq). (iii) A low-salinity (2-6 wt.% NaCl eq) aqueous fluid (L3) found in the Beauvoir granite was trapped at lower temperature (330-420 ∘ C) and is interpreted from both microthermometric data [46] and stable isotopes data [12] to record the mixing between an external aqueous fluid and the magmatic brine L2 during the cooling of the granite. (iv) Later circulations involved several generations of aqueous fluids, including low-salinity fluids (L4a; 0-10 wt.% NaCl eq; 120-350 ∘ C), moderate-salinity brines (L4b; 20-26 wt.% NaCl eq; 200 ∘ C), and hypersalinity brines (L4c; 40-60 wt.% NaCl eq; 180-225 ∘ C). Fluid inclusions found in the topaz replacing the quartz-ferberite veins from the La Bosse stockwork correspond to the same L1, L2, and V2 fluids as in the Beauvoir granite [46] . The early fluid inclusions (L1, L2, and V2) trapped in the primary quartz and topaz from the granite and the stockwork were interpreted as the primary magmatic fluids exsolved from the B1 granite [12, 46] and are consequently the main target of the present study.
Materials and Analytical Methods
Studied Material.
The studied material come from two provenances: (i) two samples of the Beauvoir granite, which were taken from the GPF1 drilling core of the B1 facies at the depths −125 m (sample B1-125; Figure 4 Figure 5 ) using an Olympus BX51 optical microscope. Petrographic characterization of fluid inclusions was based on the criteria established by Roedder [47] . All analyses were performed at the GeoRessources laboratory (Université de Lorraine, Vandoeuvre-lès-Nancy, France).
3.2.
Microthermometry. Microthermometric measurements were realized on a Linkam THMS600 heating-cooling stage connected to an Olympus BX51 microscope. This system allows measurements in a temperature range between −190 ∘ C and 600 ∘ C and is connected to a cooling circuit for measuring temperatures > 300 ∘ C. Calibration was done before each analytical session using H 2 O synthetic capillaries and H 2 O-CO 2 natural fluid inclusions standards. The accuracy of measurements varies from ±0.2 ∘ C at low temperature to ±2 ∘ C at high temperature. The following phase transition temperatures were measured during the microthermometric measurements: the eutectic temperature ( e ) corresponding to the first visible melting, that is, the apparition of the first visible liquid from the solidified aqueous phase during heating; the ice-melting temperature ( m ice) corresponding to the final melting of solidified aqueous phase; the final melting temperature of hydrohalite ( m Hh); the final melting temperature of halite ( m Hl); and the total homogenization temperature ( H ), with occur to the liquid phase (L) or to the vapour phase (V). Most of these phase transition temperatures were determined using a heatingcooling cycling method to obtain precise measurements and to avoid metastability effects [48, 49] . Thick sections of the selected samples were observed under the optical microscope in order to select only fluid inclusions showing petrographic characteristics (content, shape, and size) of the primary fluid inclusions identified by Aïssa et al. [46] . The selected fluid inclusions were firstly investigated at high temperature during microthermometry in order to select only those with H > 300 ∘ C, which correspond in principle to the early magmatic fluid inclusions. A progressive stepheating procedure was conducted to limit fracturing of the host-mineral and decrepitation of fluid inclusions. Fluid inclusions were progressively heated with a temperature rate of 30 ∘ C/min between room temperature and 200 ∘ C, then 20 ∘ C/min for 200 ∘ C < T < 400 ∘ C, and finally 10 ∘ C/min for T > 400 ∘ C in order to estimate rapidly the temperature thresholds of the observable phase transitions. Then, the different phase transition temperatures ( m Hl, H ) were precisely measured with a temperature rate of 1-2 ∘ C/min during a second heating cycle. Photographs of fluid inclusions after microthermometric measurements were then compared with the initial pictures before the experiments in order to evaluate any leakage, such as the presence of microcracks or visual variations in shape and/or volume of the vapour phase. The selected fluid inclusions were then analysed during cooling/freezing experiences. Fluid inclusions were firstly overcooled (T < −100 ∘ C) to freeze completely the aqueous and vapour phases and then the temperature of phases transitions ( e , m ice, and m Hh) were measured while progressively reheating with a temperature rate of 0.2-0.5 ∘ C/min typically.
Raman Spectrometry. Fluid inclusions were analysed by
Raman spectrometry using a Horiba Jobin-Yvon LabRAM spectrometer equipped with a 1800 gr mm −1 grating and an Edge filter. The confocal hole aperture is of 500 m and the slit aperture is of 100 m. The excitation beam is provided by a Stabilite 2017 Ar + laser (Spectra Physics, Newport Corporation) at 514.532 nm and a power of 400 mW, focused on the sample using ×50 and ×100 objectives equipped on an Olympus BX40 microscope. The laser beam diameter is around 1 m. The signal-to-noise ratio was optimized ideally lower than 1% by adjusting the acquisition time and accumulation number. All Raman spectrometry analyses were done at room temperature. Salinity of the aqueous phase in fluid inclusions was estimated by following the method of Caumon et al. [45] and is expressed in wt.% NaCl eq. The uncertainty of the measurement is ±0.3 wt.% NaCl eq. The quantitative analysis of the gas composing the vapour phase within the fluid inclusions was determined using an in-house calibration. Results are expressed in mol% relative to the volatile phase. Finally, solids eventually present within the fluid inclusions were also identified when possible.
LA-ICPMS Analysis.
Chemical composition of the fluid inclusions was determined by laser ablation-inductively coupled plasma mass spectrometry (LA-ICPMS) using an Agilent 7500c quadrupole ICPMS coupled with a 193 nm GeoLas ArF Excimer laser (MicroLas, Göttingen, Germany). Laser ablation was performed with a constant 10 Hz pulse frequency and a constant fluence of 7 J/cm 2 by focusing the beam at the sample surface in the ablation cell with a Schwarzschild objective and using a stepwise opening procedure [50] , starting the ablation with a laser spot diameter of 2 m and stepwise increasing the spot diameter to the size of the fluid inclusion (from 10 to 80 m). This procedure allows a controlled ablation by reducing the mechanical stress on the mineral surface, which limits the risk of splashing of the fluid [50] . Helium was used as carrier gas to transport the laser-generated particles from the ablation cell to the ICPMS and argon was added as an auxiliary gas via a flow adapter before the ICP torch. Typical flow rates of 0.5 L/min for He and 0.87 L/min for Ar were used. The certified reference material NIST SRM 610 (concentrations from [51] ) was used as external standard for calibration of all analyses and was analysed twice at the beginning and at the end for each set of samples, following a bracketing standardization procedure. The reference material NIST SRM 612 was also used as control standard to control the analytical conditions (in particular accuracy and precision and absolute quantification of signals were performed using the software StalQuant, developed at ETH Zürich, Switzerland (see details in [52] ). For all analyses, 23 Na was used as internal standard for calculation of absolute concentrations. The molality of Na (in mol/kg) was calculated from the NaCl content (in wt.% eq) of the aqueous phase in fluid inclusions determined by Raman spectrometry when measured and/or from the microthermometric data, following a chargebalancing method to an estimated chloride concentration [53] . Limits of detection (LOD) were calculated using the 2 criterion detailed in Longerich et al. [54] .
Results
Fluid Inclusion Petrography.
Fluid inclusions were described at room temperature under the optical microscope according to their distribution, size, shape, number of visible phases, and volumic fraction of the vapour phase (Rv%). Four main types of fluid inclusions (L1, L2, V2, and L3) were identified in quartz and topaz crystals from the Beauvoir granite and the La Bosse stockwork by petrographic and microthermometric studies, in accordance with the previous results from Aïssa et al. [46] . The characteristics of the studied fluid inclusions are summarized in Table 1 . 
Fluid Inclusions in the La Bosse Stockwork. Two types of quartz can be distinguished in the topaz-quartz-ferberiteveins samples from the La Bosse stockwork (Figures 5(c) and 5(d))
. Grey quartz (Q1) forms large crystals and contains numerous and small (<10 m) fluid inclusions, either disseminated or forming intragranular planes. The Q1 quartz is deformed and the fluid inclusions appear as black decrepitated or deformed inclusions, probably due to the thermal effect of the Colettes granite emplacement [46] . Based on these observations, Q1 is interpreted as the primary quartz from the quartz-ferberite veins and was not considered in the present study. A limpid quartz (Q2) is also observed that appears as small interstitial crystals or as vein infillings within the altered quartz-ferberite veins. This second generation of quartz is intergrown with topaz and is therefore interpreted as formed by the magmatic fluids from the Beauvoir granite. Fluid inclusions encountered in either Q2 or in topaz are found as disseminated clusters or intragranular planes (Figure 5(f) ) and correspond to the same types of fluid inclusions as those found in the granite.
(i) L1-Type Fluid Inclusions. These were found in the Q2 quartz from the stockwork, but not in topaz, being significantly less frequent than in the granite samples. They consist of multiphase (liquid + vapour + halite) fluid inclusions with very irregular shapes, ranging from 10 to 24 m in size.
(ii) V2-Type Fluid Inclusions. They are more frequent in the Q2 quartz and topaz of the stockwork samples than in the Beauvoir granite. They are characterized by regular to slightly irregular shapes with sizes ranging from 15 to 50 m and are always found isolated or in clusters ( Figure 6(d) ). They contain a dominant vapour phase (Rv ∼ 60%) with small (<5 m) greenish elongated isotropic solids observed occasionally and identified as halite. (iv) L3-Type Fluid Inclusions. They are by far the most abundant fluid inclusions within the Q2 quartz and topaz crystals from the stockwork. They consist of two-phase (liquid + vapour) fluid inclusions with a small vapour bubble (Rv ∼ 20-40%), which are irregular to very regular in shape and range from 10 to 77 m in size (Figure 6(f) ).
Microthermometry and Raman Spectrometry Results.
Microthermometric and Raman spectrometry data for the different fluid inclusions analysed are given in Table 1 and Figure 7 . Despite the use of a careful step-heating procedure, the H measurements were strongly limited by the decrepitation of many fluid inclusions (ca. 75%) before bulk homogenization, which represent therefore a severe limitation for the acquisition of statistics data. The decrepitation temperatures range from 250 to 500 ∘ C with a mode at ca. 400 ∘ C. Globally, the new results reproduce well the earlier findings of Aïssa et al. [46] , including the systematic ΔT of ∼100 ∘ C, which is observed between the H measurements in the Beauvoir granite, on the one hand, and in the La Bosse stockwork, on the other hand, for the same type of fluid inclusions.
L1-Type Fluid Inclusions. These are characterized by very low eutectic temperatures (−80
∘ C < e < −56 ∘ C) and very low ice-melting temperatures (−39.9 ∘ C < m ice < −12.8 ∘ C). Hydrohalite melting was observed only in two fluid inclusions between −48.7 and −44 ∘ C. Most of the solids observed within the fluid inclusions correspond to halite crystals. Halite melting occurred in the Beauvoir granite between 275 and 300 ∘ C before the total homogenization, with an average value of 287 ∘ C. One crystal of cassiterite (ca. 2 m in size) was identified by Raman spectrometry within one fluid inclusion hosted in a topaz crystal from the Beauvoir granite (sample B1-379c, FI n ∘ 6a; Figure 8 ) and did not disappear during heating. In the Beauvoir granite, H (L) range from 491 to >600 ∘ C with an average value of 542 ∘ C. One fluid inclusion in a quartz crystal from the granite was not homogenized at 600 ∘ C, which is the upper limit of the Linkam stage used. Although no clathrate melting was observed in these fluid inclusions, which are mainly aqueous, the vapour phase contains very low-density volatiles, with dominant CO 2 (9.7-65.6 mol%) and N 2 (20-82 mol%) and minor CH 4 (0.3-22 mol%) ( Figure 7 ; Table 1 ). In the La Bosse stockwork, H (L) are lower and range from 377 to 468 ∘ C with an average value of 422 ∘ C.
V2-Type Fluid
Inclusions. These fluid inclusions have very low eutectic temperatures (−72 ∘ C < e < −65 ∘ C) and low ice-melting temperatures (−19.3 ∘ C < m ice < −1.4 ∘ C). One m Hl was measured at 300 ∘ C in a V2 fluid inclusion from the granite, occurring before total homogenization. In the Beauvoir granite, the H (V) ranges from 375 to 595 ∘ C with an average temperature of 465 ∘ C. In the La Bosse stockwork, they range from 342 to 490 ∘ C with an Table 1 .
Intensity (a.u.) average temperature of 403 ∘ C. Total homogenization occurs mostly to the vapour phase, although a few fluid inclusions ( = 6) homogenized in supercritical phase. The vapour phase is dominantly composed by CO 2 (38.6-84.3 mol%), N 2 (12.9-53.6 mol%), and minor CH 4 (2.4-12.5 mol%) ( Figure 7 ; Table 1 ). Minor H 2 S (1.7 mol% on average) was detected in V2-type fluid inclusions from the stockwork. These fluid inclusions represent thus low-density fluids, which are composed in majority by vapour H 2 O with trace contents of volatiles compounds (CO 2 , N 2 , and CH 4 ). Table 1 ).
L2-Type Fluid
L3-Type Fluid Inclusions. They have very low eutectic temperatures (−72
∘ C < e < −61 ∘ C) and low ice-melting temperatures (−4.3 ∘ C < m ice < −1.2 ∘ C). H ranges from 338 to 398 ∘ C with an average temperature of 380 ∘ C in the La Bosse stockwork. Within the Beauvoir granite, only one H of 322 ∘ C could be measured. The vapour bubble corresponds to a low-density phase composed dominantly by CO 2 (22.6-87.9 mol%) and N 2 (7.7-73.9 mol%), with minor CH 4 (0-10.5 mol%) ( Figure 7 ; Table 1 ).
Salinity Calculation.
Salinity of the fluid inclusions can be estimated in two ways: (i) from the microthermometric data by knowing the nature of the cations-dominated chemical system, which can be determined by the measurement of e and by using experimentally known model systems, such as H 2 O-NaCl or H 2 O-NaCl-CaCl 2 ([43] and references therein), or (ii) from the Raman spectrometry analysis of the aqueous phase, which allows estimating the chlorinity with a similar precision to the microthermometry [45] . Both methods were used in the present study. The calculation of [46] . Data are given in Table 1 . Phase equilibrium curves for the pure H 2 O-NaCl system [43] are reported. L = liquid; Hl = halite; Hh = hydrohalite; I = ice. the salinity for the different fluid inclusion types is explained below and a summary of the values is reported in Table 1 . Final microthermometric data are shown hereafter in the salinity versus H diagram for the Beauvoir granite and the La Bosse stockwork (Figure 9 ).
Estimation of the Salinity from the Microthermometric Data. All the fluid inclusions analysed display very low eutectic temperatures (−80
∘ C < e < −60 ∘ C) with a mode value at −70 ∘ C, which are typical of the H 2 O-NaClLiCl system [44, 55] . In this system, the bulk salinity and the Na/Li ratio of the fluid can be estimated from the m ice, m Hh, and m Hl measurements [44] . However, the isotherms for temperatures > 100 ∘ C in the stability field of halite in the H 2 O-NaCl-LiCl system are essentially not known at present, hindering in principle these estimations. It is however possible to partly overcome this difficulty by drawing hypothetical isotherms based on the comparison between the existing isotherms in the H 2 O-NaCl-LiCl system [44] and those in the H 2 O-NaCl-CaCl 2 system, which are known for temperatures up to 500 ∘ C ( [43] and references therein). The extrapolation of isotherms in the H 2 O-NaCl-LiCl diagram from the more known H 2 O-NaCl-CaCl 2 diagram can be justified by the fact that these two thermodynamic systems have very similar invariant points (i.e., eutectic, peritectic; see [44] ). This procedure allows estimating both Na/Li ratios and bulk salinity and was adopted for the fluid inclusions measured by microthermometry. The extrapolated H 2 ONaCl-LiCl ternary diagram is shown on Figure 10 and the Beauvoir granite L1-type FI (n = 7) L2-type FI (n = 3)
La Bosse stockwork L1-type FI (n = 2) L2-type FI (n = 1)
Figure 10: Phase diagram of the H 2 O-NaCl-LiCl system (after [44] ) in which the microthermometric data of the L1-and L2-type fluid inclusions are reported. Concentrations are expressed in wt.%. E, E , and E refer to the eutectic points and P, P , and P refer to the peritectic points (values given in [44] ). Isotherms are given in ∘ C and were extrapolated for T > 100 ∘ C in the stability field of halite from the isotherms of the H 2 O-NaCl-CaCl 2 diagram from Bodnar [43] (see explanation in text). Estimations of the bulk salinity and Na/Li ratios for the different fluid inclusions are reported in Table 2 . results are reported in Table 2 and were also compared with the salinity estimates obtained by using the simple H 2 O-NaCl system [43] .
For the L1-type halite-bearing fluid inclusions, the salinity was estimated from the m ice and m Hl measurements ( Figure 10 ). Only two m Hl were measured precisely for these fluid inclusions at ca. 280 ∘ C (Table 2) , due to the small size of the fluid inclusions in general (<15 m on average). Based on the very similar m Hl and considering that the measured m Hh are equivalent, we assumed m Hl value of 280 ∘ C for the other L1-type fluid inclusions measured, for which the halite disappearance was not clearly observed during heating. Bulk salinity calculated ranges from 24.9 to 28.5 wt.% NaCl eq and the Na/Li ratios are comprised between 4.6 and 6.5 for the L1-type fluid inclusions from the Beauvoir granite ( = 7). In the La Bosse stockwork, bulk salinity is estimated for the L1-type fluid inclusions ( = 2) from 30.8 to 31.6 wt.% NaCl eq with Na/Li ratios ∼9. For the L2-type halite-bearing fluid inclusions, m ice and m Hl measurements were also used and reported in the H 2 O-NaCl-LiCl ternary diagram ( Figure 10 ). In the Beauvoir granite, the m Hl for the L2-type fluid inclusions are higher compared to those of the L1-type ones ranging from 354 to 406 ∘ C. Bulk salinity determined for L2-type fluid inclusions in the Beauvoir granite ( = 3) ranges from 37.8 to 41.9 wt.% NaCl eq with Na/Li ratios comprised between 9 and 12.6. For the La Bosse stockwork, one L2-type fluid inclusion is characterized by bulk salinity of 25.6 wt.% NaCl eq with a Na/Li ratio of 4.3. A rough estimation by simply using the H 2 O-NaCl system [43] yields to salinity in the range of 31.9-36.8 and 42.8-48.1 wt.% NaCl eq for the L1-and L2-types fluid inclusions in the Beauvoir granite, respectively (Table 2) , which seems overestimated.
Finally, for the two-phase (liquid + vapour) V2-and L3-types fluid inclusions, estimation of the salinity in the H 2 O-NaCl-LiCl system requires the measurements of the m ice and m Hh. However, it was not possible to observe the hydrohalite melting in these fluid inclusions, principally because of their small size (<15 m on average), and therefore the salinity cannot be estimated directly in the H 2 O-NaClLiCl system and was only estimated by Raman spectrometry when measured (see below) or calculated in the H 2 O-NaCl system based on the m ice measurement, as the best possible approximation. The Na/Li ratios for the V2-and L3-types fluid inclusions were calculated from the LA-ICPMS analyses only.
Estimation of the Salinity from the Raman Spectrometry
Data. Considering the problem of m Hl and m Hh measurements, the Raman spectrometry represents an interesting alternative to estimate the bulk salinity of the fluid inclusions with a fast, systematic, and reproducible acquisition with accuracy better than ±10% on average [45] . The method developed by Caumon et al. [45] has been calibrated only for NaCl solutions, which may possibly lead to a bias in the salinity estimation of LiCl-rich fluid inclusions due to the deformation of the stretching band of water induced by Li. Nevertheless, previous study by Dubessy et al. [56] has shown that the Raman calibration curve for LiCl solutions is similar to the one of CaCl 2 , both differing slightly from the calibration curve of NaCl. Consequently, the salinity of the aqueous phase in fluid inclusions estimated by following the method of Caumon et al. [45] can be considered as a good approximation of the bulk salinity in the case of H 2 O-NaClLiCl solutions. Salinity calculated by Raman spectrometry is reported in Table 3 .
The estimated salinity for the L1-type fluid inclusions in the Beauvoir granite ranges from 25.7 to 28.1 wt.% NaCl eq, with an average of 27 wt.% NaCl eq ( = 7). One L1-type fluid inclusion from the La Bosse stockwork was measured by Raman spectrometry and yielded to a bulk salinity of 27 wt.% NaCl eq. The calculated salinity for the V2-type fluid inclusions ranges from 4.7 to 18.2 wt.% NaCl eq in the Beauvoir granite, with an average value of 13.1 wt.% NaCl eq ( = 3), and from 1.4 to 6.9 wt.% NaCl eq in the La Bosse stockwork, with an average value of 3.9 wt.% NaCl eq ( = 6). The Raman salinity was determined for one L2-type fluid inclusion in the La Bosse stockwork with a value of 37.6 wt.% NaCl eq. Salinity for L3-type fluid inclusions in the La Bosse stockwork ranges from 2.3 to 6.6 wt.% NaCl eq with an average value of 4.8 wt.% NaCl eq ( = 10).
Synthesis: Bulk Salinity of the Fluid Inclusions.
In conclusion, the salinity determined by Raman spectrometry is in good agreement with the one determined in the H 2 ONaCl-LiCl system, whereas the salinity determined in the H 2 O-NaCl system appears overestimated in comparison with the two other calculated salinities. Therefore, the salinity determined by Raman spectrometry was used when measured, and if not, the salinity determined using the H 2 ONaCl-LiCl system was chosen. The final bulk salinity of the different type of fluid inclusions is shown in Table 1 and summarized below.
(i) L1-Type Fluid Inclusions. They have salinity comprised between 16.7 and 28.1 wt.% NaCl eq in the Beauvoir granite, with an average value of 26 wt.% NaCl eq, and between 27 and 28.7 wt.% NaCl eq in the La Bosse stockwork, with an average value of 28 wt.% NaCl eq.
(ii) V2-Type Fluid Inclusions. These have salinity ranging from 4.7 to 21.9 wt.% NaCl eq with an average value of 15.3 wt.% NaCl eq in the Beauvoir granite and from 1.4 to 9.2 wt.% NaCl eq in the La Bosse stockwork, with an average salinity of 4.5 wt.% NaCl eq.
(iii) L2-Type Fluid Inclusions. They are characterized by the highest salinities comprised between 32.6 and 48.2 wt.% NaCl eq in the Beauvoir granite, with an average of 43.6 wt.% NaCl eq, and between 36.7 and 40.4 wt.% NaCl eq in the La Bosse stockwork, with an average value of 37.3 wt.% NaCl eq.
(iv) L3-Type Fluid Inclusions. These have the lowest salinities in all the studied fluid inclusions. The only L3-type fluid inclusion analysed in the Beauvoir granite has a salinity of 6.8 wt.% NaCl eq, whereas they range from 1.5 to 6.5 wt.% NaCl eq in the La Bosse stockwork, with an average value of 3.7 wt.% NaCl eq. (1) [NaCl] (2) [NaCl]
[LiCl]
[Na] 
4.3
Salinity in the H 2 O-NaCl system was calculated using the ice-melting temperature (1) and the halite dissolution temperature (2); * estimated value; -: not determined.
LA-ICPMS Analysis of Fluid Inclusions.
The different generations of fluid inclusions were analysed by LA-ICPMS, with a focus onto the L1-, L2-, and V2-types, which are interpreted as the earliest fluids exsolved from the Beauvoir granite. The quality of the signals measured by LA-ICPMS depends highly of the size and of the depth of the fluid inclusions in the two ablated minerals (quartz and topaz). A typical LA-ICPMS spectrum of L1-type fluid inclusion from the Beauvoir granite is shown in Figure 11 . The fluid inclusion signal is ca. 24 s in length and shows relatively high signal intensities (10 1 -10 4 cps) for most of the elements measured (Sn, Cs, Nb, Ta, W, Rb, and Li). The Na signal is low due to the relatively high analytical background (∼2,000 cps; LOD ∼ 5,300 ppm) of the instrument, which represents a technical limitation for the absolute quantification of the fluid inclusion signals. However, analytical background is generally low (<10 cps) for the other measured elements, excepted for K (∼250 cps; LOD ∼ 1,700 ppm), Ca (∼100 cps; LOD ∼ 3,000 ppm), and Mn (∼60 cps; LOD ∼ 250 ppm). On the 47 fluid inclusions analysed by LA-ICPMS, only 27 yielded interpretable signals and were selected for absolute quantification. The salinity calculated (Table 1 ) was used to estimate the Na content of the fluid inclusions analysed and used as internal standard for the quantification of the fluid inclusions signals.
Results of LA-ICPMS analysis are given in Table 4 and shown in Figure 12 . A discrepancy can be observed between the Na/Li ratios calculated from the microthermometric data and the LA-ICPMS data. Indeed, the Na/Li ratios estimated from microthermometry in the H 2 O-NaCl-LiCl system fall in the range 4.3-12.6 (Table 2) , whereas those calculated from the LA-ICPMS data are significantly higher and comprised between 0.9 and 33 ( Table 4 ). The latter are not consistent with (i) the very low eutectic temperatures ( e < −70 ∘ C) indicating that the magmatic fluid was Li-rich and (ii) preliminary LIBS analysis on primary L1-type fluid inclusions from the Beauvoir granite, which yielded Na/Li ratios comprised between 1.1 and 2.7 [29] . Therefore, it seems that the Li content is underestimated by LA-ICPMS, thus resulting in higher Na/Li ratios. Rb (7,360-11,100 ppm) and moderate contents in Sn (1,100-4,270 ppm) and W (250-550 ppm), yielding to ratios Na/Li ∼ 3 and Na/K ∼ 2. Figure 11 : Typical LA-ICPMS spectrum of a primary magmatic L1-type fluid inclusion hosted in a globular quartz crystal from the Beauvoir granite (sample B1-379a; FI n ∘ A6b). The analysed fluid inclusion (picture in inset) is 17 m in size and was ablated using a laser spot diameter of 32 m (dashed white circle). . Their Na/Li and Na/K ratios are comprised between 0.9 and 6.5 and 0.5 and 2.6, respectively.
Fluid Inclusions in the Beauvoir
L2-Type Fluid Inclusions
Fluid Inclusions in the La
L2-Type Fluid Inclusions ( = 4).
They have very high contents in Na (141,300-144,400 ppm), K (51,500-166,500 ppm), Fe (54,700-232,400 ppm), and Cs (10,900-83,600 ppm), high contents in Sn (2,215-21,600 ppm) and Mn (33,350-98,950 ppm), and moderate contents in Rb (2,410-7,400 ppm), W (240-1,310 ppm), Li (4,260-10,370 ppm), and Sr (91-560 ppm). In some of these fluid inclusions, Nb (63-110 ppm) and Ta (17 ppm) were detected. The Na/Li and Na/K ratios of the L2-type fluid inclusions range from 14 to 33 and from 0.9 to 2.7, respectively.
L3-Type Fluid Inclusions ( = 4)
. These fluid inclusions were analysed in the quartz and topaz from the metasomatized stockwork. They are characterized by lower contents in Na (13,800-22,050 ppm) and K (3,000-17,700 ppm), relatively high contents in Fe (24,150-170,500 ppm), Mn (21,850-59,550 ppm), Cs (1,150-20,800 ppm), and Sn (200-14,900 ppm), moderate contents in Rb (610-3,340 ppm), Sr (15-4,520 ppm), Li (925-7,610 ppm), and W (920-1,400 ppm), and low contents in Nb (57-160 ppm) and Ta (1.8 ppm). The Na/Li and Na/K ratios are comprised between 2.9 and 19 and 1.2 and 5.9, respectively.
Discussion
Magmatic Signature of the Early Primary Fluids from the
Beauvoir Granite. The L1-type fluid inclusions display all the characteristics expected for a primary fluid exsolved from the Beauvoir granite at the magmatic-hydrothermal transition. Microthermometric data show that this is a high-salinity fluid (17-28 wt.% NaCl eq), trapped at high temperature (500 to >600 ∘ C), which is also Li-rich ( e < −70 ∘ C) with low Na/Li ∼ 5 and low Na/K ≤ 5. These temperatures are close to the solidus temperature of 550-600 ∘ C at 1 kbar for the B1 facies of the Beauvoir granite as determined experimentally [57] . The high Na/K (≥1) ratios are typical of magmatic fluids equilibrated with a granitic melt [27, 28, 58] , whereas the low Na/Li (≤5) ratios indicate that the fluid was derived from a Li-rich magma [59] . Previous preliminary LIBS analysis on L1-type fluid inclusions found in topaz from the Beauvoir granite yielded to lower Na/Li ∼ 1-3 [29] , which suggest that the very early magmatic fluid may have been even richer in Li. This appears in accordance with the composition of Limicas in the Beauvoir granite, which represent a late phase on the liquid line of descent of the Beauvoir melt under the low pressure of emplacement estimated [57] . Indeed, these Li-micas display complex internal zoning with compositions ranging from Li-muscovite core to zinnwaldite rim and external lepidolite overgrowth, the latter being interpreted as resulting from the early magmatic-hydrothermal transition [60] . The increase in Li content recorded by the chemical composition of Li-micas appears therefore as a proxy of the progressive exsolution of the early Li-rich magmatic fluid (L1) from the Beauvoir granite.
LA-ICPMS analyses of L1-type fluid inclusions reveal that the chemical composition of this magmatic-hydrothermal fluid is also rich (10 2 -10 4 ppm) in Rb and Cs and in raremetals (W, Nb, Ta, and Li). The very high and highly variable concentration of Sn in the L1 fluid (up to 4 wt.% Sn) may be however questioned. Considering that only one microcrystal of cassiterite was found in one L1-type fluid inclusion, as identified by Raman spectrometry, it may be suspected that the high Sn contents in the L1 fluid reflect the heterogeneous trapping of nanoinclusions of cassiterite rather than oversaturation of the magmatic fluid relatively to SnO 2 . Another possible explanation would be the formation of cassiterite daughter crystals directly from the trapped magmatic fluid, which can reach very high concentrations (>1 wt.%) for some metals under supercritical condition [61] . The Nb content (36-1,450 ppm) is higher on average than the Ta content (18-180 ppm) in the L1 fluid, with an average Nb/Ta ratio ∼ 5.6. This appears contradictory by comparison with the composition of the B1 facies from the Beauvoir granite, which has higher Ta than Nb contents, with Nb/Ta ratio in the range of 0.4-0.9 and ∼0.6 on average [12, 13] . Similarly Ta > Nb contents were also found in other PHP-RMG worldwide, for instance, in Portugal (Argemela granite [62] ), France (Montebras granite [13] ), Germany (Ehrenfriedersdorf pegmatite [63] ), and China (Yichun granite [13] ; Laohutou granite [64] ). Due to the higher solubility of tantalite relative to that of columbite in peraluminous granitic magmas [3, 65] , one can expect a late Ta enrichment relative to Nb in the residual melt and thus a high Ta/Nb ratio in the exsolved magmatic fluid, despite low partition coefficients for Nb and Ta between an aqueous fluid and silicate melt in granitic systems ( fluid-melt [Ta] < fluid-melt [Nb] < 0.1) [3, [66] [67] [68] . Nevertheless, several works on RMG have demonstrated the existence of a late subsolidus fluid-rock interaction between the primary magmatic-hydrothermal fluid and the raremetal minerals (mainly columbite-tantalite) hosted in the granitic melt, leading to a late Ta enrichment as veinlets and overgrowths of tantalite, wodginite, Ta-rich rutile, or Ta-rich cassiterite on early-formed columbite of magmatic origin, following a two-stage evolution and separated in time by a resorption-corrosion event (e.g., [69] [70] [71] [72] ). These late mineral associations are interpreted as markers of the magmatichydrothermal transition in RMG, thus yielding to relative Ta depletion and Nb enrichment in the exsolved magmatichydrothermal fluid. In the B1 facies from the Beauvoir granite, replacement of early magmatic columbite by late microlite was also evidenced and was interpreted as the interaction of the late magmatic fluid with the early Nb-Ta oxides [73] . This may therefore suggest the higher mobility of Nb compared to Ta in the magmatic-hydrothermal fluid derived from the Beauvoir granite, in accordance with the Nb > Ta contents determined in the L1-type fluid inclusions, despite a low Nb/Ta ratio initially in the Beauvoir granite.
Comparing the composition of the L1-type fluid inclusions contained in the primary quartz and topaz from the Beauvoir granite with the whole-rock composition of the B1 facies ( Figure 13 ), it appears that the primary L1 fluid is more enriched on average for most of the measured elements (W, Nb, Mg, Fe, Mn, Cs, Sn, Rb, and Na). Ta and K have similar concentrations in the B1 granite and in the L1 fluid, suggesting and Raimbault et al. [13] .
no significant fluid/melt partitioning. Ca was systematically below the limits of detection (LOD ∼ 3,000 ppm) in the L1-type fluid inclusions, while Sr is at low concentrations (10-100 ppm). This is in contrast with the relatively high contents in the B1 facies from the Beauvoir granite in both Ca (5,000 ppm on average and up to 11,500 ppm [12, 13] ) and Sr (325 ppm on average and up to 1,240 ppm [12, 13] ). This discrepancy likely reflects a Ca and Sr input from the surroundings micaschists by external fluids, as evidenced for Sr by the presence of secondary low-temperature minerals of Sr-rich phosphates in the Beauvoir granite [74] . Thus, these results indicate that most of the elements partition preferentially into the magmatic fluid rather than into the crystallizing melt. F and Cl were not measured by LA-ICPMS since they have high first ionization potentials, yielding to elevated LOD due to low sensitivity. However, there are several evidences that the primary magmatic fluids from the Beauvoir granite were Cl-rich, as indicated by (i) the high salinity (up to 28.1 wt.% NaCl eq) calculated for the L1-type fluid inclusions and (ii) the high Sn content in the fluid inclusions, although likely overestimated, which suggests that Sn was transported as Sn-Cl complexes in the fluid [75, 76] . Concerning F, there are also indications for an elevated content of F in the magmatic fluid. Firstly, despite the low fluid-melt partition coefficient of F ( fluid−melt [F] = 0.4 at 650 ∘ C and 2 kbar [77] ), the very high F content in the B1 granite (2.3 wt.% on average [12, 13] ) implies a high F concentration in the exsolved fluid. As pointed by Cuney et al. [12] , owing to the large F halo around the B1 granitic cupola, which was evidently provided by the exsolved fluid, the initial F content in the Beauvoir B1 melt would have been in the order of 4 wt.%. This has been confirmed by in situ electron microprobe analysis of melt inclusions from the B1 facies, which yielded to average F content of 4.9 wt.% [78] . A similar F content of 4 wt.% was also measured, for instance, in primary melt inclusions from the Zinnwald RMG [22] . Thus, considering an initial F content of 4-5 wt.% in the initial Beauvoir granitic melt and using a fluid-melt partition coefficient of 0.4 [77] , an approximate content of 1.6-2.0 wt.% F in the exsolved magmatic fluid may be estimated. Secondly, the crystallization of massive topazite and the partial dissolution of the quartz veins in the La Bosse stockwork imply that the magmatic fluid was F-and Al-rich and undersaturated relatively to SiO 2 and has slightly interacted with the enclosing rocks. Finally, the relatively high contents of Nb and Ta in the L1 fluid are also consistent with a high concentration of F, which has been shown to increase significantly the solubility of Nb and Ta in hydrothermal solutions [79, 80] . This resulted in the precipitation of Nb (and Ta) as columbite-tantalite and wolframoixiolite in microvugs during the topazification of the quartz-ferberite stockwork [42] .
Chemical Evolution of the Magmatic Fluids
Exsolved from the Beauvoir Granite. The Beauvoir granite constitutes a remarkable example of a PHP-RMG that crosscuts an early quartz-ferberite stockwork with a vertical development of more than 100 m. The studied quartz-topaz vein from the La Bosse stockwork is located at about 100 m above and several 100 m laterally from the roof of the granitic cupola (Figure 2 ). This implies that when the magmatic-hydrothermal fluids exsolved from the B1 granite reached the stockwork, they had circulated through the surrounding micaschists along a distance of several 100 m and had therefore likely interacted with them. A comparison between the primary fluids (L1, L2, and V2) found within the granite and those in the stockwork should therefore allow characterizing this interaction. At the first order, the different types of fluids encountered in the stockwork are similar to those from the Beauvoir granite. However, at the second order, microthermometric data show a decreasing trend of H and salinity in fluid inclusions from the Beauvoir granite to the La Bosse stockwork (Figure 9) . The H decrease is of 60 to 120 ∘ C on average from the granite to the stockwork, which may be interpreted in terms of cooling and thermal equilibration around the granitic intrusion. The salinity decrease is of 3 to 10 wt.% NaCl eq on average, which suggests that the magmatic-hydrothermal fluids were variably diluted by an external low-salinity fluid. A possibility for such fluid may be meteoric water, considering the relatively shallow depth of emplacement (∼3 km) of the Beauvoir granite estimated from fluid inclusion studies [46] . By contrast, there is no direct evidence for interaction of the primary magmatic fluids with metamorphic fluids. The latter were only identified in early fluid inclusions disseminated within the deformed quartz (Q1) of the La Bosse vein system and were interpreted as related to the formation of the W stockwork [46] , which precede the emplacement of the Beauvoir granite from ca. 20 Ma [40] .
The chemical composition of the L1 fluid exhibits small, but significant, differences between the Beauvoir granite and the La Bosse stockwork (Figure 12 ). On the one hand, the elements Mg, Rb, Cs, Nb, Ta, Sn, and W decrease; on the other hand Mn, Fe, and Sr increase progressively, from the granite to the stockwork. These variations may be interpreted either as recording fluid-rock interactions of the magmatic fluids with the surrounding micaschists, or as direct interactions with the quartz-ferberite stockwork. Similar chemical trends are observed for the L2 and V2 fluids, excepted for Mg and W that show higher concentrations in fluid inclusions from the La Bosse stockwork compared to the Beauvoir granite. The W enrichment in some V2 fluid inclusions may come from interaction with the ferberite of the stockwork, whereas the lack of Nb and Ta in L2 fluid inclusions may be the result of their trapping in the wolframoixiolite and columbo-tantalite, which crystallized in microvugs within the partially dissolved ferberite. The variations in concentrations observed for the other elements, however, may be due to a direct fluid-rock interaction with the micaschists marked by a gain of Mn, Fe, and Sr into the fluid, and by a loss of Mg, Rb, Cs, Nb, Ta, Li, and Sn into the host-rocks. In this regard, the introduction of Sr leached from the micaschists by external fluids into the Beauvoir granite was demonstrated by Charoy et al. [74] .
Finally, it remains remarkable that the geochemical signature of the RMG is still preserved in the primary L1-type fluid inclusions from the metasomatized La Bosse stockwork, despite the distance from the granitic cupola (>100 m) and interaction with the host-rocks and external fluids. Furthermore, the undersaturation relatively to SiO 2 of the fluid suggests an overall rapid transfer from the granitic cupola through the surrounding rocks, likely using the quartzferberite vein system as preferential flow channel. Consequently, it may be tentatively proposed that the geochemical signature of fluid inclusions represents a proximal pathfinder for the discovery of hidden rare-metal granitic cupolas in the surroundings of the Echassières granitic complex and more widely in the Limousin area, as well as elsewhere in the world.
Element Partitioning between Coexisting Vapour and
Brine during Early Boiling. Determining the major and trace elements composition of coexisting V2-and L2-type fluid inclusions that formed during the early boiling of the primary L1 fluid at ca. 400-520 ∘ C allows studying the element partitioning between the low-density vapour (V2) and the highdensity brine (L2). Vapour-brine distribution coefficients determined by LA-ICPMS analysis for the coexisting V2-and L2-type fluid inclusions in the Beauvoir granite and in the La Bosse stockwork are shown in Figure 14 . In the Beauvoir granite, the majority of the elements (Na, K, Mn, Rb, Sn, Cs, and W) partitions preferentially into the brine, whereas only Mg and Li are preferentially enriched into the vapour. In the La Bosse stockwork, the trend is almost similar with the only difference that Li and Sr are more enriched into the brine. These results are in good agreement with those of Audétat et al. [28] for the Mole granite, thus confirming that most of the elements display a preferential partitioning for the Cl-rich aqueous phase. 
Conclusions
This work allowed characterizing the geochemical signature of the magmatic-hydrothermal fluids exsolved from the Beauvoir rare-metal granite. The different generations of fluid inclusions (L1, L2, V2, and L3) initially identified by Aïssa et al. [46] were retrieved during this study. The L1-type fluid inclusions represent the earliest records of the primary magmatic fluid in the Beauvoir granite. Microthermometric data showed that this fluid is of high temperature (500 to >600 ∘ C) and high salinity (17-28 wt.% NaCl eq) and is Lirich ( e < −70 ∘ C) with Na/Li ratios ∼ 5. LA-ICPMS analyses show that the chemical composition of the L1 fluid is dominated by Na, K, Cs, and Rb, with significant concentrations (10 1 -10 4 ppm) in rare-metals (W, Nb, Ta, Sn, and Li). Boiling of the L1 fluid at ca. 450 ∘ C yielded by phase separation to a low-to moderate-salinity vapour (V2; 4.7-22 wt.% NaCl eq) and a high-salinity brine (L2; 32-48 wt.% NaCl eq). LA-ICPMS analyses of these two types of fluid inclusions revealed that the L2-type fluid inclusions have the highest concentrations in metals and show a preferential enrichment in most of the elements (Na, K, Mn, Fe, Rb, Nb, Sn, Cs, and W) compared to the V2-type fluid inclusions. The evolution of the exsolved magmatic fluids with distance from the Beauvoir granitic cupola is characterized by a systematic decrease in temperature and salinity. The temperature decrease can be interpreted in terms of cooling and thermal equilibration around the intrusion, whereas the salinity decrease indicates that the exsolved magmatic-hydrothermal fluids were more or less diluted by a low-salinity fluid, possibly of meteoric origin. These results demonstrate that primary fluid inclusions preserved the pristine signature of the magmatichydrothermal fluids in the Beauvoir granite, but also in the metasomatized W stockwork, despite the distance from the granitic cupola (>100 m) and interaction with external fluids.
Consequently, it is proposed that the geochemical signature of fluid inclusions may serve as a possible pathfinder for the discovery of hidden rare-metal granitic cupolas at Echassières and more widely in the Limousin area, as elsewhere in the world.
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